The inhibiting effect of benzaldehydethiosemicarbazone (BTSC) on the mild steel alloy corrosion in a 1 M sulfuric acidic solution was potentiostatically investigated at four temperatures, in the range of 298.15 to 328.15 K. Three BTSC concentrations, ranging from 100 to 300 mg/L, were tested. Mild steel corrosion feasibility decreases with increasing inhibitor concentrations, and also with the rise in temperature. A protection efficiency of 96% was obtained at 300 mg/L, and 328.15 K. Potentiostatic polarization studies showed that BTSC acted as a mixed type inhibitor. The main kinetic effect of the BTSC inhibitor added to the sulfuric acid solution was to considerably enhance activation energy values, pre-exponential factor and activation entropy of the alloy corrosion. This was because BTSC shifted the corrosion reaction on the mild steel surface to reaction sites where energy was relatively higher than that on which the corrosion occurred in the inhibitor absence. The inhibitor adsorption followed the Langmuir adsorption isotherm. The activation thermodynamic functions (Ea, Kads, ΔGads., ∆Hads. and ∆Sads) were evaluated. The obtained activated parameters revealed that BTSC adsorption took place through chemisorption. Scanning electron microscopy (SEM) technique was used to provide insight into the formation of a protective film on the alloy surface. To provide a relationship between the BTSC's molecular structure and its corrosion inhibition capability, quantum chemical studies were achieved using density functional theory (DFT) at the B3LYP/6-311G level.
Introduction
Steel corrosion is an essential industrial and academic topic that has gained an extensive attention [1] . Mild steel has been widely used in chemical industries, for many purposes under different environments, in handling alkalis, acids, and salt solutions [2] . Hydrochloric and sulfuric acids are widely used for this purpose. However, most acidic media cause metal corrosion [1] . Mild steel The dependence of the corrosion rate on temperature, enabling corrosion activation energies, as well as the activation entropy, was also studied. Thermodynamic quantities of mild steel corrosion in an acidic solution under study were calculated from the appropriate corrosion potential values, and their variation with temperature. The relationships between corrosion inhibition performance and calculated dipole moment (μ), ΔE (EHOMO-ELUMO) gap of molecular orbitals, charge density on hetero atoms, and bond lengths, as well as some structural parameters, were evaluated.
Experimental section Materials
A mild steel sheet, with the composition (wt.%) Mn (0.6), P (0.36), C (0.15) and Si (0.03) and the remainder Fe, was used in this work. Coupons with the dimensions of 5×4×0.11 cm were made thereof. Each coupon was degreased by washing it with ethanol, dipped in acetone, dried in the air, and finally kept in a desiccator. A 1 M H2SO4 solution was prepared by dilution of concentrated H2SO4 with distilled water. Polarization studies were performed in a 1 M H2SO4 solution, in the absence and presence of various BTSC inhibitor concentrations, ranging from 100 ppm to 300 ppm. BTSC was purchased from Aldrich, with a purity of 96%.
Polarization measurements
Potentiodynamic polarization experiments were conducted using a complete M Lab 200 potentiostat/galvanostat control station for electrochemical cells. The range settings function generator and operation modes were controlled by an M Lab 200 microcomputer. M Lab 200 is also capable to manage data and to communicate with a connected computer. One serial interface connects to a personal computer; another allows connecting it to other M Labs. The recorded potentiodynamic current-potential curves can be generated by automatic variation of the electrode potential from -800 to -100 mV, at a rate of mVs -1 . Firstly, a steady state had to be reached by immersing the working electrode (WE) in the test solution at the natural potential (open circuit potential), for 30 min. In order to remove the oxide film from the electrode, WE was polarized at -800 mV, for 10 min. The corrosion current densities (icorr) were obtained by extrapolation of the linear Tafel segments of the anodic and cathodic curves to the corrosion potential. The corrosion kinetic parameters were evaluated from the resulting data in the Tafel region by plotting the polarization curves. Thus, the corrosion current values were obtained by extrapolating the linear Tafel segments, in a large potential domain of the cathodic curves to the corresponding corrosion potentials. Correspondingly, the inhibition efficiency was calculated by applying the following relationship:
(1) icorr where i°corr and icorr indicate the corrosion current density values without and with inhibitor, respectively. Surface coverage (θ) at a definite inhibitor concentration was obtained from polarization curves, using the following equation [15] :
Scanning electron microscopy (SEM)
The carbon steel surface morphology was evaluated using a FEI Inspect-S50 Scanning Electron Microscopy. Mild steel samples were measured before and after immersion in the sulfuric acid solution, with and without BTSC inhibitor.
Computational tools
In this respect, DFT method has been frequently applied to obtain details for elucidating manifold chemical concepts found in different Chemistry fields. In this work, standard Gaussian 09 software package was applied to achieve quantum chemical calculations on complete geometry optimizations [16] . B3LYP functional at the 6-311G basis set, and at the density functional theory level (DFT), was used to provide geometry optimization. To give a structural designation of the corrosion inhibitor, and to consider the features of the inhibitor/surface mechanism, DFT method was applied [17] . Density functional theory is regarded as a very beneficial method to query the inhibitor/surface interaction, and to examine the experimental results. It can provide the most important qualitative chemical concepts, such as electronegativity (χ) and hardness (η) [11] . The following equation explains the context of the density functional theory of chemical reactivity, which associates the electronic chemical potential (μ) to electronegativity (χ) [18] .
where N = number of electrons, ν(r) = external potential and E = total energy. DFT defined hardness (η) as the second derivative of E regarding N at V(r) property, which measures both the molecule's reactivity and stability [19] .
The electron affinity (EA) and ionization potential (IE) of the inhibitor molecules were determined according to Koopman's theorem, using the following equivalences, for χ and η being evaluated [20] :
Ionization energy (IE) = -Energy of the highest occupied molecular orbital (-EHOMO) Electron affinity (EA) = -Energy of the lowest unoccupied molecular orbital (-ELUMO)
In the reactions with electrophiles, EHOMO can be considered as the more reactive molecule, whereas ELUMO is indispensable for molecular reactions with nucleophiles [21] .
The global softness (S) is defined as the inverse of the global hardness [22] :
In the chemical reactivity concept, electronegativity, hardness and softness are very convenient quantities. By joining together the inhibitor molecule and the metallic atom, electrons are capable to stream from χ (inhibitor) lower value to χ (Fe) higher value, until their chemical potentials have the same value. According to Pearson, the electron fraction (ΔN) transfer from the inhibitor molecule (BTSE) to the metal was calculated [23] . ΔN was calculated using the above mentioned formula [24] .
Where ηinh and ηFe are the absolute hardness of the inhibitor molecule, and iron, and χinh and χFe are the absolute electronegativity of the inhibitor molecule, and iron, respectively. In this work, the theoretical values of χFe = 7.0 eV and ηFe = 0 were used for calculating the number of transferred electrons [22] . It is assumed that the electron transfer might be driven by the electronegativity differences, while the sum of the hardness parameters can be seen as resistance [25] .
Condensed Fukui function can reasonably analyze the local selectivity of a corrosion inhibitor.
Quantum chemical parameters
B3LYP hybrid functional has been often used to estimate a wide range of molecular properties. In this work, parameters and thermochemical properties (atomization energies and reaction energies) have been accurately fixed to calculate B3LYP functional. Gaussian 09 program was used to achieve quantum calculations. The compound geometry to be studied was implemented using the DFT level of the three-parameter compound functional of Becke (B3LYP).The basis 6-311G set for all atoms has been used. The molecule structural geometry was optimized under no constraints. HOMO and LUMO levels were taken out. On the basis of the molecular orbital energies (MO), the difference between HOMO and LUMO levels (the energy gap) was then estimated [26] [27] [28] .
Results and discussion

Potentiostatic polarization studies
The polarization curves for mild steel corrosion in a 1 M H2SO4 solution, at four different temperatures in the range of 298-328 K, are indicated in Fig. 2 . The data derived from the polarization curves are corrosion potentials (Ecorr), currents (icorr), cathodic (bc) and anodic (ba) Tafel regions. Table 1 shows the data derived from the polarization curves for mild steel in a 1 M H2SO4 solution, at different temperatures under study. Based on Table 1 , Ecorr values moved to more negative potentials with increasing temperatures. The shift in the corrosion potential towards the active (more negative) direction generally implies a reduction in corrosion resistance. Furthermore, the corrosion current density (icorr) increases with higher temperatures, indicating an increasing reaction rate with the rise in temperature. Table 1 and Fig. 3 . Results obviously show that BTSC addition to a 1 M sulfuric acid solution enhanced the mild steel specimen resistance. Such tendency increases with increasing concentrations of the inhibitor under investigation. On the other hand, increasing temperatures lead to a decrease in the tendency of mild steel for corrosion. Table 1 shows that both ba and bc values increased with increasing temperatures, in the presence of various BTSC concentrations in the sulfuric acid solution. Therefore, interference between anodic and cathodic reactions has occurred in BTSC presence, indicating that the inhibitor acts as a mixed type inhibitor. A cathodic Tafel slope of -0.120 V might diagnose a discharge-chemical desorption mechanism for hydrogen evolution reaction at the cathode, in which the proton discharge should be the rate-determining step. The anodic Tafel slopes (ba) variation might be ascribed to the variation of the rate-determining step in the metal dissolution reaction. A mechanism and rate-determining step change cannot be ignored throughout the anodic processes.
Protection efficiency
The protection efficiency percentage (P%) of mild steel in 1 M sulfuric acid in the presence of different BTSC concentrations was obtained using equation (1) . Table 1 shows the results obtained for various inhibitor concentrations and temperatures. From the results, it appears that the obtained protection efficiencies are increased with increasing inhibitor concentrations and temperatures. This is attributed to the increase in the inhibitor adsorption onto the metal surface, due to increasing temperatures. This behavior reveals chemical adsorption [29] .
Corrosion kinetics
Mild steel corrosion rate (r), in the inhibitor absence and presence, might be described by Arrhenius equation.
where A and Ea are the pre-exponential factor and the activation energy, respectively. The value of (r) at any temperature (T) was taken to be conformable to the corrosion current density (icorr). Fig. 4 shows Arrhenius plots for the blank (inhibitor absence) and various inhibitor concentrations; Ea and A values have been derived from the plots slopes and intercepts, respectively. Activation entropy (∆S * ) was then calculated from A value, using the relationship:
where k, h, and R are constants and T is the solution temperature. Table 2 gives Ea, A and ∆S * resulting values for mild steel corrosion in a 1 M H2SO4 solution, in the BTSC inhibitor absence and presence, at different concentrations, and over the temperature range from 298 to 328 K. The data show that BTSC adsorption onto mild steel, particularly at low concentrations (100 ppm) in the H2SO4 solution, was associated to activation energies, which were relatively lower than those obtained in the inhibitor absence. Thus, BTSC presence in the acid at such concentrations probably modifies the corrosion reaction to surface sites where Ea is lower than the normal mild steel activation energy in the inhibitor absence. This may be due to an electric field arising at the inhibitor/metal interface [30] [31] , which may lower the energy barrier for the metal corrosion, at such inhibitor concentrations.
Corrosion thermodynamic quantities
The following equation describes the dependence of Gibbs free energy (ΔG) on the metal corrosion potential (Ecorr), in a definite medium, and at a given temperature [32] .
where F is the Faraday constant, E is the cell potential (E=Ecorr), and n is the number of electrons involved in the corrosion reaction. From ΔG values at different temperatures, for each inhibitor concentrations, it has been possible to estimate ΔS values using the following thermodynamic relation:
The free energy change (ΔG) is related to enthalpy and entropy (ΔH, ΔS) for the corrosion process at a constant temperature, (T), by the equation: (13) where ΔS represents the plot slope of ΔG values against temperatures, (Fig. 5) .
The corresponding change values in the enthalpy (ΔH) of the corrosion reaction at each temperature can be calculated using ΔG and ΔS values. Table 3 shows the obtained data. The results presented in Table 3 
Surface coverage and adsorption behavior
Mild steel surface coverage (θ) degree in a 1 M H2SO4 solution containing different BTSC concentrations, over the temperature range from 298 to 328 K, obtained from equation (2) , is shown in Table 1 . The obtained data show that the surface coverage linearly varied with the inhibitor concentration, which is suitable to Langmuir adsorption isotherm [34] that can ideally describe physical or chemical adsorption. According to the following equation, Langmuir assumption is related to the electrolyte (C) adsorbate concentration ratio to the surface coverage degree (θ):
where Kads is the equilibrium adsorption constant. Fig. 6 shows BTSC Langmuir adsorption isotherm in a 1 M H2SO4 solution. The linearity in the results at various concentrations with the unity (1) correction factor evidences that BTSC inhibition effect was due to its molecules adsorption onto the mild steel surface. In addition, the inhibitor adsorption behavior is assumed to obey Langmuir adsorption isotherm. Free adsorption energy (∆Gads) was calculated at the temperature range from 298 to 328 K, using the relation:
Kads and ∆Gads calculated values are presented in Table 4 . The negative values of free adsorption energy indicate a spontaneous adsorption process; ∆Gads values are around -30 k J mol -1 , confirming that BTSC adsorption onto the mild steel surface is physisorption. Thermodynamic parameters were obtained from Gibbs-Helmholtz equation, as follows:
Plots of ∆Gads vs. T for BTSC adsorption onto the mild steel surface in a 1 M H2SO4 solution, over the temperature range from 298 K to 328 K, are shown in Fig. 7 and in Table 4 . The data gave a straight slope line (∆Sads) and, in every temperature, ∆Hads can be calculated.
∆Hads negative values indicate that the adsorption process is exothermic. Generally, an exothermic adsorption process signifies either physisorption or chemisorptions, while the endothermic process is attributed to chemisorption. In addition, the inhibitor molecules adsorption is accompanied by ∆Sads positive values.
SEM evaluation
Scanning electron microscopy was used to investigate the carbon steel specimen surface morphology. Fig. 8 shows a SEM representation for the polished carbon steel surface, before and after the corrosion experiment in the inhibitor absence, and in the presence of 300 ppm of inhibitor in a 1 M H2SO4 solution, at 298.15 K (Fig.8 (a, b, c) , respectively). From Fig. 8a , the polished carbon steel electrode surface was uniform. After immersion in 1 M H2SO4, the surface was strongly damaged, due to the corrosion (Fig. 8b) . In BTSC presence, thin films onto the carbon steel surface were formed, as shown in Fig. 8c . It is indicated that there is a protective layer adsorbed onto the carbon steel surface, which is responsible for corrosion inhibition. 
Theoretical calculation
The theoretical computational studies were applied to obtain an idea of the theoretical system, reflecting a correlation between the corrosion inhibition functioning and the electronic structure. In this work, the electronic structure model of the inhibitor molecule can be obtained using density functional theory (DFT) computations. The inhibitor structure has been related to theoretical quantum chemical parameters such as EHOMO, ELUMO, and the energy gap between them (ΔE = ELUMO -EHOMO) [35] . High HOMO values are associated with the capacity of the inhibitor molecule to donate an electron to an acceptor with an empty molecular orbital, which easily renders the adsorption process and, therefore, demonstrates a better reaction of the corrosion inhibitor. ELUMO values are in agreement with the electron acceptance tendency, usually from the metal surface atoms.Therefore, the calculated difference (ΔE = 3.515 eV) shows BTSC molecule ability to donate electrons, which measures the relationship between the metal surface and the inhibitor. BTSC electronic structure and molecular orbitals (MO) have been modeled to prove the active sites as well as the molecule's topical reactivity. The inhibitor optimized structure (HOMO and LUMO orbitals) is shown in Fig. 9 and Table 5 . HOMO and LUMO energies for the inhibitor molecule were -5.346 eV and -1.831 eV, respectively. The inhibitor molecule with a high EHOMO value is capable to strongly adsorb onto the metal surface. The high ΔE value (3.515 eV) suggests, in turn, high adsorption ability onto the mild steel. The inhibitor molecule with the considerably higher dipole moment (µ) value of 5.923 Debye, in comparison with that of H2O (1.85 Debye), also increases its adsorption ability onto the metal surface [36] . For this reason, it is assumed that a quasi-substitution process occurred between the inhibitor molecule in the aqueous phase, and water molecules at the electrode surface [H2O (ads)]. The total energy (Etotal) value of the inhibitor molecule is equal to -5474.7844 Kcal/mol, which indicates a favorably adsorption process through the active sites. Using IE and EA values obtained from quantum chemical calculations, η values were calculated. The fraction of electrons transferred (∆N=0.9659) from the inhibitor molecule to the iron molecule was calculated. In comparison to previous results, a good inhibition effect resulted from electrons donation, as indicated from ∆N value. The inhibitor molecule is considered as an electron donator, while the steel surface is considered as an acceptor [37] [38] .
Conclusion
Potentiometric measurements obviously show that BTSC addition, as a corrosion inhibitor to a 1 M sulfuric acid solution, enhanced the mild steel specimen resistance. A cathodic Tafel slope of -0.120 V might diagnose a dischargechemical desorption mechanism for hydrogen evolution reaction at the cathode, in which the proton discharge should be the rate-determining step. Obtained protection efficiencies were increased with higher inhibitor concentrations and temperatures. ∆Hads negative values indicate an exothermic adsorption process and, therefore, reveal chemical adsorption. SEM measurements firmly indicate a protective layer adsorbed onto the carbon steel surface, which is responsible for the corrosion inhibition. A strong inhibitor adsorption onto the metal surface is also confirmed by quantum chemical calculations. Molecule planarity and heteroatoms presence seem to be the potential elements that designate the strong molecular adsorption capability and inhibitory power.
